Objective: To assess cortisol concentrations in cord blood and investigate their relationships with the IGF system. Study design: Fifteen newborns with birth weight appropriate for gestational age (AGA) and 30 children with intrauterine growth retardation (IUGR) were studied. Serum samples were collected from umbilical cord blood and cortisol, IGF-I and IGF-binding proteins (IGFBPs)-1 and -3 were measured. IUGR infants were followed up for 3 months with repeated measurements of weight, supine length and knee-heel length (by knemometry). Results: IUGR newborns showed significantly greater concentrations of IGFBP-1 (P<0·0001) and lower concentrations of IGF-I (P < 0.0001) and IGFBP-3 (P < 0.0001) than did controls. In AGA children, cortisol correlated inversely with IGF-I (r ¼ ¹0.75, P < 0.002) and directly with IGFBP-1 (r ¼ 0.52, P < 0·05), whereas no correlation between cortisol and IGF system-related variables was observed in IUGR. Finally, in IUGR children an inverse correlation was found between length gain in the first trimester of life and cortisol concentrations at birth (r ¼ ¹0.54, P < 0.005). Conclusions: Cortisol might be a physiological regulator of fetal growth, at least in the last part of pregnancy, by modulating IGF-I and IGFBP-1 release under conditions of fetal stress. In IUGR children, a rearrangement of this growth control mechanism seems to occur. The close inverse relationship of cortisol with linear growth, if confirmed by large-scale studies, suggests cord blood cortisol to be potentially predictive of early postnatal catch-up growth in IUGR infants.
Introduction
The fetal endocrine system, and particularly the somatotrophic axis, is actively involved in mediating the effects of maternal, placental or fetal status on intrauterine growth. However, the relative importance of growth hormone (GH) and the insulin-like growth factors (IGFs-I and -II) appears to differ in pre-and postnatal life (1, 2) . Whereas abnormalities of fetal GH secretion are not associated with major alterations in body size at birth (3, 4) , IGF-I deficiency has been shown to cause marked fetal growth retardation (5, 6) . IGF-I is therefore a major stimulus for both pre-and postnatal growth, but appears to be regulated by GH only after birth. IGFs are part of a complex system comprising IGFs-I and -II, types 1 and 2 IGF receptors, six different IGF-binding proteins (IGFBPs-1 to -6), specific IGFBP proteases and inhibitors of IGFBP proteolytic activity (7) , and it is likely that, before birth, the delicate balance within this system and its interactions with endocrine, metabolic and nutritional factors have pivotal roles in controlling fetal growth. We have recently reported a reorganization of the somatotrophic axis in newborn infants who had intrauterine growth retardation (IUGR), suggesting that the IGFdependent growth-promoting machinery is 'frozen' at birth and begins to work within the first 60 days of postnatal life (8, 9) .
In the progressive maturation of the fetal endocrine system during intrauterine life, cortisol is known to contribute to preparing the fetus for birth by inducing the expression of a wide range of enzymes that have little or no function during fetal life, but on which survival after birth is dependent (4, 10) . During fetal development, there is a progressive increase in plasma concentrations of cortisol in the last 15-20 days of gestation and a dramatic surge in the final few days before birth (11) .
The increase in fetal plasma cortisol has recently been proposed to be responsible for the prepartum decline in IGF-II gene expression in specific fetal tissues (12) , and the expression of GH receptors and IGF-I mRNA in an animal model (13) . The aim of this study was to assess cortisol concentrations in cord blood of normal and IUGR newborns and to investigate the relationships of cortisol with the IGF system-related variables.
Subjects and methods

Subjects
Thirty IUGR children with birth weight less than the 10th centile for gestational age according to the standards of Lubchenko et al. (14) , and 15 children with birth weight appropriate for gestational age (greater than the 25th centile) (AGA) were included in the study. All were born after a full-term, uneventful pregnancy (38-42 weeks). All control children were born by normal vaginal delivery, whereas among IUGR children, 11 were born by vaginal delivery and 19 by caesarean section. Newborns with malformations or genetic disorders were excluded.
IUGR children underwent measurements of weight and supine length at birth, and weight, supine length and knee-heel length at 7, 14, 30, 60 and 90 days of life. Serum samples were collected from the umbilical cord of the babies at birth and stored at ¹25 ЊC until required for assay. IGF-I, IGFBP-3, IGFBP-1 and cortisol concentrations were measured.
The investigation was approved by the Ethics Committee of the 'Tor Vergata' University Medical School and written informed consent to study their children was obtained from all the parents.
Anthropometry
Anthropometric measurements were carried out by two observers who were trained over a period of 2 months. Supine length was measured with a portable infantometer (Rollametre, Raven Equipment Ltd, Great Dunmow, Essex, UK).
The Ponderal Index (PI: weight (g)/length (cm) 3 ) was used to discriminate between children with proportionate and non-proportionate intrauterine growth retardation. Children with PI Ն10th centile of the reference (15) were defined as proportionate and those with PI <10th centile were defined as non-proportionate. Catch-up growth was defined as length and weight increments greater than the 50th centile of the reference values (16) .
Knee-heel length was measured with a portable knemometer (Force Institute, Copenhagen, Denmark). The instrument, described by Michaelsen et al. (17) , is made of a fixed graduated rod ending with a knee cap and a sliding rod, fitted with a heel cap and connected to a digital caliper that allows measurement with 0.01 mm resolution. A series of five measurements was taken, with the knemometer removed and repositioned each time. If the S.D. exceeded 0.8 mm, the entire series of five assessments was repeated.
Assays
IGF-I was determined by RIA after acid-ethanol extraction (Nichols Institute, San Juan Capistrano, CA, USA); the intra-assay coefficient of variation (CV) was 3.0%, the interassay CV 8.4%, and the limit of sensitivity 13.5 mg/l. In accordance with the recommendations for valid measurement of total IGF-I concentrations in biological fluids (18) , in 33 samples IGF-I was also measured by RIA after acid-acetone extraction (19) and potential residual IGFBP binding sites were blocked by the addition of 10 ng IGF-II to each tube in the IGF-I assay. IGF-I concentrations assessed after acid-ethanol extraction correlated closely with those obtained after acid-acetone extraction and addition of an excess of IGF-II (r ¼ 0.80, P < 0.0001), being slightly, but not significantly, lower. IGFBP-3 was assessed by RIA (Diagnostic Systems Laboratories Inc., Webster, TX, USA); the intra-assay CV was 6.7%, the interassay CV 10.1% and the limit of sensitivity 0.2 mg/ l. IGFBP-1 was measured by an immunoenzymatic monoclonal assay (IEMA-test, Medix Biochemica, Kauniainen, Finland); the intra-assay CV was 3.4%, the interassay CV 7.4% and the limit of sensitivity 0.4 mg/l. Cortisol was measured by RIA (Orion Diagnostica, Espoo, Finland). The intra-assay CV was 4.0%, the interassay CV 9.0% and the limit of sensitivity 0.25 mg/dl.
Statistics
Results are reported as the mean Ϯ S.E.M. Differences between groups were assessed using the MannWhitney U test. Significance was assigned at P < 0.05. The relationship between parameters was evaluated using the Pearson correlation. IGFBP-1 values were transformed to natural logs to achieve normal distribution before parametric statistical methods were applied. A computer program was used for all statistical calculations (BMPD Statistical Software, SOLO 3.0).
Results
Mean birth weight was 3.49 Ϯ 0.08 kg in control infants and 2.32 Ϯ 0.03 kg in the IUGR group (P < 0.0001). The mean PI of the IUGR newborns was 2.29 Ϯ 0.04; among this group, 18 were classified as proportionate and 12 as non-proportionate. From 0 to 90 days the IUGR children showed a mean weight gain of 2.79 Ϯ 0.08 kg, a mean length increase of 10.37 Ϯ 0.32 cm and a mean knee-heel growth of 32.24 Ϯ 1.39 mm.
IUGR newborns had significantly greater concentrations of IGFBP-1 (P < 0.0001) and lower concentrations of IGF-I (P < 0.0001) and IGFBP-3 (P < 0.0001) than the control group (Table 1) .
No significant difference in IGF-I, IGFBP-3 and IGFBP-1 concentrations was observed between IUGR children born by vaginal delivery and those born by caesarean section, whereas cortisol concentrations were significantly lower in children born by caesarean section than in those born by vaginal delivery (P < 0.05) and in controls (P < 0.005; Table 1 ).
No significant difference in IGF-I, IGFBP-3, IGFBP-1 and cortisol concentrations was seen between proportionate and non-proportionate IUGR newborns.
In AGA newborns, the cortisol concentrations were inversely related to IGF-I (r ¼ ¹0.75, P < 0.002; Fig. 1) , and directly to IGFBP-1 (r ¼ 0.52, P < 0.05; Fig. 2 ), and these relationships remained after we had controlled for all anthropometric and endocrine variables. No correlation between cortisol and these two analytes was shown in the IUGR group, and no relationship between cortisol and IGFBP-3 concentrations was observed in either group.
In IUGR children, the gain in both supine and kneeheel length during the first trimester of life was inversely related to cord blood cortisol (r ¼ ¹0.54 and r ¼ ¹0.58 respectively, P < 0.05; Fig. 3 ). The correlation between length gain and cortisol concentrations at birth was observed both in IUGR infants born by caesarean section (r ¼ ¹0.52, P < 0.05) and in those born by vaginal delivery (r ¼ ¹0.61, P < 0.05). An inverse relationship between weight gain and cord blood cortisol concentrations was also seen, but just failed to achieve significance (r ¼ ¹0.31, P ¼ 0.051).
Overall, cord blood cortisol concentrations were significantly lower in IUGR children who showed catch-up growth during the first 3 months of life than in those who did not (8.3 Ϯ 0.9 and 13.2 Ϯ 2.3 mg/dl respectively, P < 0.05). No relationship was seen between IGF-I, IGFBP-3 and IGFBP-1 cord blood concentrations and the first trimester catch-up growth in IUGR infants.
Discussion
Our data confirm the findings of previous studies showing that IUGR fetal sheep, suggesting that the effect of cortisol on the expression of IGF-I in the fetal liver might be either direct or mediated by the upregulation of hepatic GH receptors, or through an effect on the signalling pathway of the GH receptor. It is noteworthy, however, that Li's group failed to observe any significant cortisolinduced change in the circulating concentrations of IGF-I. The inverse relationship between circulating concentrations of cortisol and IGF-I in normal newborns, together with the direct relationship between cortisol and IGFBP-1, suggests that, in fetuses, cortisol might exert a control on linear growth through a modulation of IGF-I and IGFBP-1 secretion. It is tempting to speculate that, during conditions of stress, fetal growth might be affected by the increase in cortisol concentrations that directly reduces the release of IGF-I in circulation and indirectly downmodulates IGF-I biological activity by enhancing the expression of IGFBP-1 (25) .
Our observation of a close inverse relationship between cord blood cortisol concentrations and the gain in length during the first 3 months of extrauterine life in IUGR infants, if confirmed by large-scale studies, might be of great practical relevance. Most IUGR children who eventually achieve normal size show a rapid growth rate during the first 6 months of life (26) , and hormonal or nutritional treatment in the immediate postnatal period might be considered in those who do not present an early catch-up growth (27) . Cord blood cortisol concentrations may provide a means of predicting the catch-up growth in IUGR infants, and an early therapeutic intervention, aimed at stimulating growth, might be advisable in those IUGR children with high cortisol concentrations at birth. However, the lack of relationships between cortisol, IGF-I and IGFBP-1 in IUGR newborns leaves the mechanisms underlying the growth-inhibiting actions of cortisol unclear. IUGR fetus shows endocrine features resembling those of malnourished children (8) and nutritional status is a major determinant of IGF-I and IGFBP-1 concentrations. Therefore, in conditions of nutrition-induced suppression of IGF-I and stimulation of IGFBP-1 release into the circulation, such as prevail in IUGR, cortisol might exert its negative control on growth at a cellular level, modulating the local expression of IGF-I and IGFBP-1 genes, as has been demonstrated in bone (23, 24, 28, 29) .
Finally, our results confirm the occurrence of significantly greater fetal concentrations of cortisol after normal labour than after caesarean section (30, 31) , whereas no differences in IGF-I, IGFBP-3 or IGFBP-1 concentrations were found between IUGR children born by vaginal delivery and those born by caesarean section.
In conclusion, our results show, for the first time, an inverse relationship between cord blood cortisol and IGF-I concentrations and a direct correlation between cortisol and IGFBP-1 concentrations in normal newborns, suggesting that cortisol may modulate IGF-I and IGFBP-1 release during fetal life. These endocrine relationships seem to be lost in IUGR children. We have also presented the first report of an inverse relationship between cord blood cortisol concentrations and length gain in the first 3 months of life in IUGR newborns. A study involving a larger group of children for a longer period of time is required to confirm these preliminary results that might suggest cortisol to be a predictive factor of early postnatal catch-up growth.
